INTRODUCTION
ABSTRACT: Photosynthetic carbon assimilation into protein, low-molecular-weight metabolites (LMWM), polysaccharides, total lipids and into 3 lipid classes (neutral lipids, glycolipids and phospholipids) was determined in batch-culture experiments with natural assemblages of Arctic-ice algae under simulated in situ irradiance. Photosynthate allocation in 3 parallel batch incubations revealed a high contribution of lipid assimilation to total particulate carbon production (54.6 ± 0.4%) followed by LMWM (35.0 ± 1.0%), carbohydrates (7.3 ± 0.1%) and proteins (3.0 ± 0.8%). Total lipids were mainly composed of glycolipids (67.4 ± 3.5%) with a relatively lower allocation into phospholipids (28.1 ± 6.7%) and neutral lipids (4.5 ± 3.2%). Nutrient addition (final concentrations: Si(OH) 4 = 65.5 ± 0.4 µmol l ) caused algal community growth of 0.22 ± 0.0 d -1 until nutrients became limiting 10 d later. Si(OH) 4 :NO 3 ratios and NO 3 :PO 4 ratios in the cultures decreased from initially 1.5 ± 0.0 to 0.2 ± 0.1 and 16.8 ± 0.2 to 1.2 ± 0.5, respectively. During the first few days of incubation, relative proportions of carbon production for proteins increased 3-fold (max. 11.1 ± 1.0%), those for LMWM 1.5-fold (max. 45.7 ± 6.4%), whereas lipids decreased (min. 32.0 ± 0.4%). Increasing relative proportions of carbon production for carbohydrates were only observed at the end of exponential growth (max. 12.9 ± 1.3%). A dramatic increase of lipids was measured under nutrient depletion (max. 70.9 ± 3.6%) after Day 10, which was the result of glycolipid production, while protein and carbohydrate production decreased to values below 5% of total particulate carbon production. LMWM also attained lower incorporation rates under nutrient depletion (min. 23.5 ± 1.1%). Production of glycolipids during exponential algal growth is attributed to an acclimation to decreasing irradiance as a consequence of an increase in algal biomass. Decreasing particulate carbon:chlorophyll a ratios during the experiment indicate a physiological response to a reduction in irradiance with simultanous glycolipid production. Glycolipids are the main lipid class in chloroplasts, and especially in thylakoidmembranes, which are strongly developed during low-light acclimation. Excess light energy during stationary algal growth after Day 10 is dissipated in the form of glycolipids and/or neutral lipids. But the latter are probably more significant under high-light conditions.
Palmisano & Sullivan 1982 , Kottmeier & Sullivan 1988 , salinity (Bates & Cota 1986 , Bartsch 1989 , Fiala & Oriol 1990 , Kirst & Wiencke 1995 and essential nutrients (Maestrini et al. 1986 , Demers et al. 1989 , Syvertsen & Kristensen 1993 .
The biochemical composition of micro-algae is a product of the interplay between the supply of energy from photosynthesis and the synthetic capacity of the cell (Smith et al. 1989) . Balanced growth only occurs if the energy input is equivalent to the synthetic capacity of the cell. This is the case for steady state growth, which possibly does not exist under the unstable conditions typical in nature (Smetacek 1996) . Photosynthate allocation to lipids and carbohydrates in phytoplankton as well as ice algae varies directly with the availability of light (Smith & Morris 1980 , Li & Platt 1982 , Smith et al. 1989 , 1997 , Smith & Herman 1992 and nutrients (e.g., , Maestrini et al. 1986 , Smith et al. 1987 , 1997 , Smith & Herman 1992 , this is also evident in temperate phytoplankton (Iwamoto et al. 1955 , Fogg 1959 , Opute 1974 , Li et al. 1980 , Shifrin & Chisholm 1981 , Tadros & Johansen 1988 . Low-light conditions, for example stimulate the dominance of glycolipids, which are important structural components of chloroplast membranes as a consequence of shade acclimation (Pohl & Zurheide 1979 , Harwood & Jones 1989 , Klyachko-Gurvich et al. 1999 . In contrast high-light conditions and nutrient limitation stimulate the production of storage products such as neutral lipids and carbohydrates, whereas chloroplasts are reduced. Shade-adapted Arctic-ice algae (Cota 1985) have typically low protein and high lipid content (Smith et al. 1989 , Cota & Smith 1991 , Smith & Herman 1992 . This biochemical peculiarity may reflect factors controlling algal productivity.
Studies of carbon distribution among photosynthetic end products with respect to different lipid classes in ice algae are few. Investigations by Palmisano et al. (1988) showed higher synthesis of neutral lipids in the later stage of the vernal ice algal bloom. This pathwaychange was interpreted as a response to improved light availability and/or limited nutrient supply . On the basis of past investigations, we hypothesise that decreasing nutrient concentrations under low-light conditions may result in clearly different photosynthetic carbon allocation than under sufficient light intensities.
MATERIALS AND METHODS
Experimental set-up. The experiment was conducted during RV 'Polarstern' expedition ARK XIII/ 1a+b in May/June 1997. Sea-ice micro-algae were collected from a first-year ice floe (Stn 140) at 77°10.2' N, 34°04.4' E in the Barents Sea with a 9 cm SIPRE ice auger. Only the bottom 5 cm of 33 ice cores, containing the highest algal density, were split into 3 clean 50 l polyethylene containers and transported back to the ship. The 11 ice segments in each container were then placed in 20 l of 0.2 µm pre-filtered sea water and melted at a light intensity of 7 µmol photons m -2 s -1 at 0°C to avoid osmotic stress during the melting procedure (Garrison & Buck 1986) . After melting (ca 24 h), 9 l of each stock culture were filtered through a 100 µm sieve to exclude large grazers and then filled into transparent clean polycarbonate bottles (20 l) and diluted with additional 11 l of 0.2 µm filtered sea water at 0°C. These 3 ice algal batches were held at -1.0 ± 0.5°C (mean ± SD) and a salinity of 32.4. Continuous illumination during the experiment was provided from above using cool-white fluorescent tubes (Philips TL 33). Total photosynthetically active radiation (PAR) was measured with a 4π-sensor (Li 193SB) ) of the batch cultures. After an acclimation time of 3 d, the cultures were enriched with a nutrient mixture (von Storch & Drebes 1964) . The bottles were kept closed with a cotton plug during the experiment, and each batch was carefully shaken once a day. Time intervals for subsampling were from 2 to 5 d. At the end of the experiment, no more than ca 30% of the initial volume had been taken. Brine salinity was calculated according to Assur (1958) and the in situ nutrient concentrations were normalised to brine salinity (Gleitz et al. 1995) .
Chemical parameters and pigments. Nutrient concentrations were immediately determined after sampling according to the standard sea water procedures of Grasshoff et al. (1983) . For determination of algal pigment concentration (chlorophyll a [chl a] and phaeopigments [phaeo] ), subsamples were filtered through Whatman GF/F filters and analysed fluorometically with a Turner Design Model 10-AU digital fluorometer (Arar & Collins 1992) .
The pH of the batch cultures was determined with a pH-meter (WTW, pH 191), which was calibrated daily with standard buffer solutions.
For particulate organic carbon (POC) and nitrogen (PON) analysis, subsamples were filtered through precombusted Whatman GF/F filters. These filters were kept frozen at -30°C for further processing in Kiel. The thawed filters were acidified for 24 h with fuming HCl (37%) to dissolve inorganic carbon and finally dried (12 h at 60°C). The filters were then transferred to a pewter foil and combusted in oxygenenriched helium atmosphere in a Haereus CHN-ORapid analyzer.
Algal carbon biomass, species composition and growth. Subsamples of each batch culture were fixed with borax-buffered formalin (2% final concentration). These samples were stored in the dark at approximately +10°C and counted in Kiel within 7 mo.
Microscopical analyses were carried out with an inverted Zeiss Axiovert 35 microscope according to Utermöhl (1958) . Of each sample, 2.97 to 10 ml were concentrated by settling for 48 h and counted at 200 to 1000 × magnification. Species were determined after Gran (1904) , Husted (1966) , Throndsen (1970 Throndsen ( , 1974 , Medlin & Priddle (1990) , Crawford et al. (1994) , Ikä-valko & Gradinger (1997), and von Quillfeld (1997) . For further analyses, all species were grouped into different size classes at genus level. Cell volumes (CV) were calculated using geometric figures, which concurred with the different algal cells. Conversion of CV to cell carbon followed the recommendations of the Baltic Marine Environment Protection Commission (1988) .
Maximum growth rates (µ max ) under nutrient-replete conditions were calculated using cell counts according to the equation
; N = algal abundance ml -1 ; and t = time, d
-1 ).
Production of macromolecular and lipid classes.
For the production measurements, 4 parallel samples (each 100 ml) of each batch culture were dispensed into 100 ml glass flasks and inoculated with 400 µl (100 µCi) NaH 14 CO 3 (Amersham International plc, Little Chalfont, UK). Three inoculated bottles were used for the light incubations and 1 to determine the dark fixation of the tracer. All samples were incubated for 5 h at -1 ± 0.5°C and 9.3 µmol photons m -2 s -1 . A concentration of 25 mg DIC l -1 (DIC = dissolved inorganic carbon) was used to calculate primary production.
For the determination of total production, 15 ml of each sample were acidified with 150 µl of 1 mol l -1 HCl (pH < 2) after 5 h. Non-fixed 14 C was removed by bubbling with air for 20 min. Ten ml of this solution were filled into 20 ml plastic vials and mixed with 10 ml Lumagel scintillation cocktail (Baker). The remaining 85 ml was filtered through Whatman GF/F filters. Exudation was measured in 15 ml of the filtrate as in the total production measurements. The filters were washed twice with 20 ml of 0.2 µm filtered sea water and transferred into glass centrifuge tubes. The differential extraction of macromolecular classes was performed according to Li et al. (1980) . These methods result in a crude fractionation of cellular constituents into protein (TCA-insoluble), polysaccharide (TCAsoluble), lipid (chloroform-soluble) and low-molecularweight-metabolites (LMWM) (methanol-water-soluble). An average of 91 ± 8% of the total label was recovered during these extractions. The amount of label recovered in each fraction is reported as the percentage of the sum of the 4 fractions.
For the determination of the labelled phospholipids, glycolipids and neutral lipids, a subsample (1 ml) of the lipid fraction recovered as described above, was dried under N 2 -atmosphere and then re-dissolved in 1 ml chloroform. This solution was transferred to a 0.5 g column of activated (4 h, 110°C) silica acid, which had been previously washed with 4 ml chloroform. The column consisted of a glass disposable Pasteur pipette containing a glass-wool plug. The total lipid was separated into neutral lipid, glycolipid and phospholipid fractions by consecutive flushing with 5 ml chloroform, 10 ml acetone and 5 ml methanol (Guckert et al. 1985) . The fractions were evaporated to dryness and counted with 10 ml Lumagel scintillation cocktail (Baker). All samples were radioassayed in a Packard TriCarb liquid scintillation counter. Quench correction was performed by automatic external standardisation.
RESULTS
The sampled ice floe at Stn 140 was characterised by annual level sea ice of 93 cm thickness covered by snow (13 cm). The bottom 5 cm of the ice floe had an in situ temperature of -1.7°C and a corresponding brine salinity of 30.5 (Assur 1958 15.3 ± 6.8 Table 1 . In situ ice variables (means ± SD) and ratios averaged over bottom 5 cm of sampled ice floe at Stn 140 5 cm of sea ice. Organic matter in the bottom 5 cm had a POC:PON ratio of 15.3 ± 6.8 and a phaeo:chl a ratio of 0.2 ± 0.1, with integrated chl a concentrations of 8.5 mg m -2 (Table 1) . Six different genera of diatoms were distinguished within the bottom-ice community. The most abundant diatom taxon was Nitzschia spp. with the species N. frigida most dominant. This taxon contributed 31.6 ± 10.9% to the total ice-algae abundance, IAA (Fig. 1a) and was followed by the genus Fragilariopsis spp. (13.3 ± 7.7%) and Chaetoceros spp. (2.1 ± 0.8%). The diatom genera Thalassiosira spp., Navicula spp. and Pseudogomphonema spp. each contributed <1% to total IAA. Heterotrophic and autotrophic nanoflagellates including unidentified taxa, together with species belonging to chrysophytes, dinophytes and prasinophytes, clearly dominated the ice-algae community with 51.5 ± 13.3% of total IAA.
On the basis of total ice-algae carbon (IAC), these flagellates comprised only 10.5 ± 4.5%, whereas Nitzschia spp. was the dominant genus with 83.2 ± 4.0% of total IAC (Fig. 1b) .
This ice-algae community grew to a final cell density of 9.0 ± 1.5 × 10 4 cells ml -1 within approximately 9 d at a rate of 0.22 ± 0.03 divisions d -1 (Table 2) . The calculated chl a-specific growth rate was similar (0.20 ± 0.02 d ) under nutrientreplete conditions of different ice-algae taxa and bulk-parameters particulate organic carbon (POC), ice-algae carbon (IAC), chlorophyll a (chl a) and ice-algae abundance (IAA) during the first 9 d of experiment a) b)
These different growth rates resulted in a species succession during the experiment (Fig. 1a) . The relative proportion of Chaetoceros spp. increased from initially 2.1 ± 0.8% to a maximum of 36.6 ± 2.7% of total IAA at Day 20. Decreasing proportions were observed for Nitzschia spp. and Fragilariopsis spp. from initially 31.6 ± 10.9 to 10.7 ± 2.6% and 13.3 ± 7.7 to 1.3 ± 0.8%, respectively. The contribution of the remaining diatom genera as well as that of flagellates varied insignificantly. Similar shifts in the relative proportions were found on the basis of IAC (Fig. 1b) . Despite these successional changes each taxon grew exponentially until only Day 9.
Most POC:PON ratios of the ice algal cultures were below 10 until Day 13, and increased thereafter to ca 15 (Fig. 2) . POC:chl a ratios of the algal community decreased gradually during growth (Fig. 3) . The pH increased from initially 8.20 ± 0.05 to 9.15 ± 0.04 (Fig. 4) . The nutrients Si(OH) 4 and NO 3 had initial concentrations of 65.5 ± 0.36 and 42.9 ± 0.61 µmol l -1 , respectively at Day 1 after addition of the nutrients (Fig. 5a ). After Day 13, they were depleted to concentrations below 1 µmol l -1 . Phosphate concentrations of initially 2.57 ± 0.04 µmol l -1 decreased during ice algal growth, but not below concentrations which were measured before nutrient addition, except for Culture 3 (Fig. 5b) . Nitrite and ammonium concentrations increased until Day 13 (0.2 ± 0.04 µmol l -1 NO 2 ) and Day 16 (0.8 ± 0.05 µmol l -1 NH 4 ). Later, both nutrients were rapidly depleted, except for ammonium which increased again (Fig. 5b) .
Si(OH) 4 :NO 3 as well as the NO 3 :PO 4 ratios decreased continuously with time until NO 3 and Si(OH) 4 were depleted at Day 16 (Fig. 6) . Thereafter, the Si(OH) 4 : NO 3 ratios increased to intermediate peak values during the stationary algal growth period, whereas the NO 3 :PO 4 ratios remained at a low level (Fig. 6 ). Chl a-specific production (P chl a ) ratios increased from an initial 0.17 ± 0.11 to 0.68 ± 0.05 µg C µg chl a -1 h -1 between Days 10 and 15 at the end of the growth period (Fig. 7) . Exudation rates of the ice algal community increased during the log growth phase to maximal values of 7.0 ± 1.1% of the total production (Fig. 8) . Exudation rates were reduced under nutrient depletion.
Nutrient addition caused a rapid change in the pathways of photosynthetic carbon assimilation (Fig. 9) . Predominant macromolecular classes before nutrient inoculation were lipids (54.6 ± 0.4% of total particulate production) and LMWM (35.0 ± 1.0%), with lower allocation to proteins (3.0 ± 0.8%) and polysaccharides (7.3 ± 0.1%). After the first 3 d, a significant decrease of lipids was observed, whereas the proportion of proteins increased rapidly to 14.8 ± 6.3% of total particulate production. A moderate increase to 45.7 ± 6.3% was observed for the LMWM. During the subsequent days of logarithmic growth (until Day 10), the absolute and relative production of proteins again decreased, whereas the production of carbohydrates increased further. The production of the remaining assimilatory products, lipids and LMWM, was more or less constant over the log growth phase of the algae. The transition from logarithmic to stationary growth after Day 10 had strong implications for allocation of carbon among photosynthetic end products. Carbohydrates attained the maximal relative proportion with 12.9 ± 1.3% of the total particulate production (Fig. 9a) . At the same time, a rapid increase of lipid formation from 32.0 ± 0.4% to 71.0 ± 3.6% was observed. Especially glycolipids (56.2 ± 0.1% to 82.0 ± 1.1% of total particulate lipid production) were responsible for the rapid increase of lipid formation (Fig. 9b) . Later, production of LMWM decreased to 23.5 ± 1.0%). Proteins and carbohydrates also attained their lowest production rates. The most important assimilation pathway for ice algae under nutrient limitation remained the lipid pathway. The lipids of the ice algae were clearly dominated by glycolipids, whereas the phospholipid fraction simultaneously decreased. However, the neutral lipid production was obviously not influenced by changes of icealgae growth in nutrient status.
DISCUSSION
In May, the conditions in the annual sea-ice cover of the Barents Sea are typically characterised by the onset of melting (Hegseth 1992) , which during our study was also indicated by a relatively low brine salinity (30.5) in the bottom 5 cm of the sea ice and a corre- (Table 1) . Salinity in Arctic surface water of ice-covered regions of the Barents Sea in May ranges between 34.4 and 34.6 (Hegseth 1992) . The salinity difference between brine within the bottom sea ice and sea water in the springearly summer transition results in a perceptible stratification within the ice-water interface (e.g., Allen 1971 , Legendre et al. 1981 . The relatively high ammonium concentrations (30.5 ± 15.5 µmol l -1 ) compared to the nitrate concentrations (3.3 ± 4.1 µmol l -1 ) can be attributed to heterotrophic activity (Meguro et al. 1967 , Alexander et al. 1974 , Sullivan & Palmisano 1981 ) and a restricted supply of new nutrients such as nitrate due to the density stratification (Legendre et al. 1981 , Gosselin et al. 1985 . The large standard deviations of nutrient concentrations (Table 1) were caused by strong gradients, with maximum concentrations of all nutrients within the bottom 1 cm of sea ice. This commonly observed nutrient distribution , Mock & Gradinger 1999 within Arctic sea ice is either related to gravity drainage of colder and therefore denser brine solutions from above (Meguro et al. 1967 , Maykut 1985 , inflow of nutrient-rich water from the surface sea water, or the nutrient pools within ice algae , Cota & Horne 1989 . The latter hypothesis is supported by maximum chl a concentrations (283.2 ± 496.8 µg l -1 ) within the bottom 5 cm of sea ice (Table 1) . Nutrient assimilation, a relatively low regeneration potential of the internal communities, together with gravity drainage of brine are reasons for decreasing concentrations toward the ice surface. Dissolved silicon (4.9 to 5.8 µmol l -1 ), nitrate (9.6 to 10.5 µmol l -1 ) and phosphate (0.65 to 0.96 µmol l -1 ) concentrations within surface waters (0 to 1 m) of the Barents Sea during May (Hegseth 1992) are considerably lower than those in sea-ice brine. However, the Si(OH) 4 :NO 3 ratio of surface water (0.53: Hegseth 1992) was not comparable to the brine values (7.69), but did correspond to the Si(OH) 4 :DIN ratio (0.75) of brine. The high phosphate concentration of brine was responsible for an NO 3: PO 4 ratio of 0.09, whereas sea water typically has a far higher ratio of 13.5 (Hegseth 1992) .
After nutrient addition in our experiment, the ratio of Si(OH) 4 :NO 3 (1.5) was in the range of natural brine and sea water (see above), while the NO 3 :PO 4 ratio of 18 is comparable only to the sea water values of the Barents Sea because of the extremely high phosphate concentrations in the sea ice. The initial absolute nutrient concentrations of the 3 batch cultures were similar to in situ brine concentrations within the bottom 5 cm at Stn 140, but were higher than sea water values. A similar relation between in situ conditions and the experimental set-up was attained for irradiance. Under-ice irradiance was measured beneath first-year level sea ice on the cruise. Unfortunately no direct irradiance measurements for Stn 140 are available because of a defect sensor.
The taxonomic composition of the ice-algae community in the 3 treatments was similar, which indicates a homogeneous organism distribution at this station. A comparison with other spring investigations (Hegseth 1992 , Falk-Petersen et al. 1998 clearly shows that the algal community is representative for the spring community of the sea-ice ecosystem in this region.
The exponential growth of the algal community during the experiment was triggered primarily by the addition of sufficient nutrients. The growth rates of the algal communities and the genus-specific growth rates were generally similar to observations in other Arctic and Antarctic ice-algae studies (Maestrini et al. 1986 , Grossi et al. 1987 , Cota & Sullivan 1990 , Gilstad & Sakshaug 1990 , Johnson & Hegseth 1991 , Hegseth 1992 , Kirst & Wiencke 1995 , and agree exceptionally well with growth rates recorded during field studies in the Barents Sea (Hegseth 1992) . Nonetheless, different growth rates of the diatom genera lead to a species succession with time. The dominance of Nitzschia spp. in the diatom community on the basis of IAA and IAC at the beginning of the experiment was replaced by Chaetoceros spp. and autotrophic flagellates during Fig. 9 . Temporal changes in contribution of (a) photosynthetic end products to total particulate production (%) and of (b) lipid classes to total particulate lipid production (%). Error bars = ± SD a b the growth period. The chrysophytes became more important during the end of the experiment (data not shown). This may have several reasons: the first is related to the species-specific nutrient requirement. Each algal species has unique nutrient affinities (Sommer 1986 (Sommer , 1991 which lead to species-specific growth kinetics. Possibly the high dissolved silicon concentration in the cultures allowed for rapid growth of Chaetoceros spp., a genus with a higher Si(OH) 4 demand because of their silicon spines. The dominant ice-algae genus Nitzschia spp. could be better acclimated to lower nutrient concentrations within the ice, especially for dissolved silicon. The decreasing Si(OH) 4 :NO 3 and NO 3 :PO 4 ratios during the exponential growth of the algae indicate a generally higher demand for dissolved silicon and phosphate than for nitrate. The silicate and phosphate concentrations in the brine channels were far below common half-saturation constants for growth (Sommer 1986 (Sommer , 1991 , and may thus have caused nutrient-limited growth together with faster uptake of dissolved silicon than nitrate in the batch cultures. However, in the same manner that the different nutrient affinities can cause species succession, active pathways of inorganic carbon acquisition may constitute an important factor driving algal species succession, especially within the brine-channel habitat of sea ice (Gleitz et al. 1996) . During decreasing CO 2 concentration, indicated by increasing pH values in the cultures, the photosynthetic carbon demand may exceed diffusional CO 2 supply, especially for larger algae. From these considerations, smaller algae like Chaetoceros spp. may have been more successful than larger species of the genera Nitzschia or Thalassiosira. Gleitz et al. (1996) observed in an Antarctic sea-ice diatom (Chaetoceros cf. neogracile), the physiological ability to actively assimilate HCO 3 -at CO 2 (aq) concentrations < 0.5 µM and pH > 9.5. The pH in our experiment never exceeded 9.2; thus, the diffusional CO 2 (aq) flux should be sufficient to satisfy cellular carbon demand, except for larger diatoms which occur only in insignificant concentrations.
Another explanation for the observed species succession is related to grazing pressure by microheterotrophs such as ciliates or nanoflagellates. Both groups were seen in low numbers. Unfortunately the abundances of these groups were not quantified, but they could have been responsible for the rapid decrease in the relative proportions of Fragilariopsis spp. and Nitzschia spp.
The sea-ice algae community grew exponentially until Day 9, but the chl a-specific production rate (P chl a ) attained maximum values at Day 13, as did the exudation rates of dissolved organic carbon. Consequently, from Days 9 until 13, an uncoupling between organic carbon synthesis and growth occurred which also explains the increasing C:N ratios of the algae. No enhanced exudation was observed after nutrient depletion. Between 0 and 10% exudation of total particulate production is within the range reported for polar and temperate phytoplankton as well as for ice algae (Williams & Yentsch 1976 , Smith et al. 1977 , Larsson & Hagström 1982 .
The relative contribution of photosynthetic endproducts to total particulate production summarizes the temporal development for each assimilate. Under sufficient nutrient supply the dominant pathway was the production of LMWMs, which are the precursors of macromolecules such as free amino acids and carbohydrates (Smith et al. 1989 , Tillmann et al. 1989 , Lindquist & Lignell 1997 . Storage of free amino acids in diatom cells was already described by Conover (1975) and Dortch et al. (1984) , storage of carbohydrates by Antia et al. (1963) , Handa (1969) , Haug & Myklestad (1976) and Lancelot & Mathot (1985) . The determination of carbohydrates as metabolites or within the polysaccharide fraction depends on the structure, grade of polymerisation, and solubility of these substances (Hitchcock 1983 , Tillmann et al. 1989 .
A rapid conversion of amino acids into proteins was indicated by the increase of protein production during the first 4 d after nutrient inoculation. Despite sufficient nitrate concentrations until Day 13, the protein production decreased after Day 4 and nearly completely ceased under nitrate depletion. Carbohydrate production also increased during the exponential growth phase, but attained the maximal values after the protein peak between Days 8 and 13. The production of LMWM was more or less constant between Days 4 and 13. According to Morris et al. (1974) , changes in the protein synthesis rate are accompanied by changes in the metabolite or polysaccharide fraction. LMWM accounted for 40% of the total particulate production under exponential growth, whereas both proteins as well as carbohydrates never exceeded 20% of the total particulate production. Identical allocation patterns by Arctic-ice algae of LMWM (36.3 to 42.9%), proteins (19.3 to 23.1%) and polysaccharides (16.5 to 21.8%) were found during the entire spring growth season under similar photon-flux densities (PFDs) of 3.5 to 33.0 µmol photons m -2 s -1 by Smith et al. (1989) . However, Smith et al. (1997) , in a comparable experiment with spring sea-ice algae communities, found high allocation into proteins during the exponential growth of sea-ice algae (62 to 66%) and only a moderate decreasing allocation under stationary growth (48 to 49%). One reason for the dominance of protein allocation in their experiments could be related to an incomplete nitrogen depletion, which is indicated by their final nitrate/nitrite and ammonium concentrations. Another explanation could be the light intensity under which the algae were grown. The experiments of Smith et al. (1997) were done under 20 µmol photons m -2 s -1
, with initial POC:chl a ratios of ca 8 and final ratios of ca 140. Consequently, the algae initially grew under low light conditions and then with decreasing chl a concentrations per carbon unit, which is typical for high-light acclimation and chl a decomposition, respectively. Our experiments were initially done under an average of 15 µmol photons m -2 s -1 , with POC:chl a ratios of ca 80 and finally of ca 25, which contrasted with Smith et al. conditions. This process led to an enhanced chl a production with a corresponding nitrogen demand for synthesis of the terapyrrol-ring of chl a (Larson & Rees 1996) . Therefore, low carbon allocation into proteins after Day 4 could be explained by higher pigment synthesis under lowlight conditions. In addition to the effects of low-light acclimation on pigment synthesis, the thylakoid membrane as well as the size of the chloroplasts also increased. The algae need structural lipids such as glycolipids, e.g. monogalactotosyl-and digalactosyldiacylglycerols for this morphological change. These are dominant lipid classes of the thylakoidmembrane (e.g. Siegenthahler et al. 1987) as well as outer and inner chloroplast membranes (Douce et al. 1984 , Mendida-Morgenthaler et al. 1985 . Glycolipids were intensively produced after Day 4, when LMWM as well as proteins decreased. They constituted up to 80% of the total particulate lipid production under nutrient exhaustion between Days 13 and 22. Under stationary algal growth after Day 16, the POC:chl a ratio remained more or less constant because of missing dissolved nitrogen.
Our results clearly indicate that the availability of nutrients, especially dissolved nitrogen under lowlight acclimation, significantly influences the pathway of carbon in the cell. Sufficient nutrient concentrations and irradiance caused an increase in production of LMWM and proteins. During decreasing nutrient concentrations and irradiance, the lipid pathway has priority. However, pigments and glycolipids, which are important components of chloroplasts, increase with decreasing nutrient concentration and irradiance and not the neutral lipids.
